Fragile X syndrome (FXS) is the most common inherited intellectual disability. FXS results from a mutation that causes silencing of the FMR1 gene, which encodes the fragile X mental retardation protein. Patients with FXS exhibit a range of neurological deficits, including motor skill deficits. Here, we have investigated motor skill learning and its synaptic correlates in the fmr1 knock-out (KO) mouse. We find that fmr1 KO mice have impaired motor skill learning of a forelimb-reaching task, compared with their wild-type (WT) littermate controls. Electrophysiological recordings from the forelimb region of the primary motor cortex demonstrated reduced, training-induced synaptic strengthening in the trained hemisphere. Moreover, long-term potentiation (LTP) is impaired in the fmr1 KO mouse, and motor skill training does not occlude LTP as it does in the WT mice. Whereas motor skill training induces an increase of synaptic AMPA-type glutamate receptor subunit 1 (GluA1), there is a delay in GluA1 increase in the trained hemisphere of the fmr1 KO mice. Using transcranial in vivo multiphoton microscopy, we find that fmr1 KO mice have similar spine density but increased dendritic spine turnover compared with WT mice. Finally, we report that motor skill training-induced formation of dendritic spines is impaired in fmr1 KO mice. We conclude that FMRP plays a role in motor skill learning and that reduced functional and structural synaptic plasticity might underlie the behavioral deficit in the fmr1 KO mouse.
Introduction
Fragile X syndrome (FXS) is the most common inherited form of an intellectual disability with a prevalence rate of Ͼ1:4000 (Penagarikano et al., 2007) . FXS results from a mutation that causes silencing of the FMR1 gene, which encodes the fragile X mental retardation protein (FMRP; Pieretti et al., 1991) . FMRP is an RNA-binding protein that is involved in regulating the translation of neuronal proteins and is thought to be important for some forms of synaptic plasticity (Pfeiffer and Huber, 2009; Darnell et al., 2011) . Patients with FXS exhibit a range of neurological deficits, including cognitive impairments, social anxiety, seizures, sleep disorders, and motor skill deficits (Koekkoek et al., 2005; Zingerevich et al., 2009; Van der Molen et al., 2010) . Although less attention has been given to studying these motor impairments, motor skills are integral to exploration, imitation (Vanvuchelen et al., 2007) , communication (Gernsbacher et al., 2008) , and other skills with which children with FXS struggle. Therefore, interventions targeted at motor impairments may be important in addressing the core areas of impairment in this neurodevelopmental disorder.
Motor skill learning requires the involvement of multiple brain regions, such as the cerebellum, basal ganglia, and the motor cortex (Shmuelof and Krakauer, 2011) . Synaptic plasticity in the primary motor cortex (M1) has been shown to be particularly important. Previous experiments support this by demonstrating that motor skill learning: (1) enhances the synaptic responses of intracortical connections in the M1 (Rioult-Pedotti et al., 1998; Hodgson et al., 2005) ; (2) occludes long-term potentiation (LTP) in these connections (Rioult-Pedotti et al., 2000 Hodgson et al., 2005) , a leading candidate mechanism for persistent changes in synaptic strength; and (3) induces structural modification of M1 dendritic spines, sites of excitatory synaptic input (Harms et al., 2008; Xu et al., 2009; Fu et al., 2012) .
The fmr1 knock-out (KO) mouse recapitulates several behavioral and physical characteristics observed in FXS (The DutchBelgian Fragile X Consortium, 1994; Comery et al., 1997; Koekkoek et al., 2005; Budimirovic and Kaufmann, 2011; Vinueza Veloz et al., 2012) , including deficits in associative motor learning (Vinueza Veloz et al., 2012) , yet the accompanying synaptic changes have not yet been analyzed in this mouse. To gain a better understanding of how FMRP contributes to regulation of synaptic plasticity in the M1, we trained fmr1 KO mice and wildtype (WT) littermate control mice on a single forelimb reaching task and analyzed structural and functional synaptic plasticity. We report that the fmr1 KO mice display a motor skill learning deficit. Field potential recordings from the forelimb region of M1 demonstrated reduced, training-induced synaptic strengthening in the trained hemisphere. Moreover, LTP is impaired in the fmr1 KO mouse, and motor skill training does not occlude LTP as in the WT mice. Although motor skill training induces a transient increase of synaptic AMPA-type glutamate receptor subunit 1 (GluA1), in the trained hemisphere of WT mice, in the fmr1 KO mice there is a temporal dysregulation of synaptic GluA1 translocation with training. Finally, using transcranial in vivo multiphoton microscopy, we find that training-induced formation of dendritic spines is impaired in fmr1 KO mice. We conclude that FMRP plays a role in motor skill learning and that altered functional and structural synaptic plasticity might underlie the behavioral deficit in the fmr1 KO mice.
Materials and Methods
Animals. Mice were cared for in accordance with NIH guidelines for laboratory animal welfare. All experiments were approved by the University of Nebraska Medical Center Institutional Animal Care and Use Committee. Male C57BL/6 fmr1 KO and littermate control mice were used for behavioral and electrophysiology experiments. Tg(Thy1-YFP)HJrs/J (The Jackson Laboratory) males were crossed with C57BL/6 fmr1 heterozygous females. Male YFP-expressing fmr1 KO and littermate control mice were used for imaging experiments.
Motor skill training. Five-to 6-week-old mice were food-restricted (85% of their free-feeding weight). Mice were placed in a cage with a thin slit on the front wall (Fig. 1A ). Mice were trained to reach through the slit with their preferred forelimb and grasp and retrieve individual food pellets. There is a 4 mm gap between the platform that holds the food pellets and the slit, preventing the mice from sliding the food pellets toward them. An initial pretraining session determined forelimb preference, and pellets were then placed on the side that enabled the use of the preferred forelimb only. Mice had one training session per day that lasted 30 min or 100 reaches. Motor skill performance was quantified by the success rate (percentage of successful retrievals). The trained hemisphere (tr) is contralateral to the trained forelimb and the untrained hemisphere (utr), acts as an internal control.
Electrophysiology. Coronal cortical slices (400 m) containing the forelimb representation of the M1 (Tennant et al., 2011) , were prepared in artificial CSF (ACSF) as previously described (Harms et al., 2008) . Slices were prepared 12-15 h after the last training session, and the experimenters were blind to the genotype and the identity of the trained forelimb. Tungsten bipolar stimulation electrodes were placed in upper layer 2/3, 1.5-1.8 mm lateral to the midline (Tennant et al., 2011) , and recording electrodes were placed 400 m medial to the stimulation electrode. Extracellular field potentials (FPs) were evoked by 0.2 ms pulses at 0.03 Hz. Peak amplitudes of the negative-going FPs were used as a measure of synaptic strength (Hess et al., 1996) . Stimulation intensities were adjusted until a response of 0.2 mV was recorded, which was defined as the threshold intensity, and multiples of this intensity were used for determination of input-output relationships (Rioult-Pedotti et al., 1998) .
Chemical LTP (cLTP) was induced by bath application of bicuculline (6.3 M) for 3 min, followed by forskolin (50 M) and the phosphodiesterase inhibitor rolipram (0.1 M) in Mg 2ϩ -free ACSF for 15 min. Stimulation intensity that elicited a half maximal response was used for the cLTP experiments.
Synaptosomal preparations. Synaptosomes were prepared as previously described (Weiler et al., 1981) . Two coronal slices (750 m) containing the forelimb M1 were cut on a vibratome (Leica), and the forelimb region of the M1 was dissected out. For biotinylation experiments, trained or untrained forelimb M1 regions were pooled from 2 to 3 mice to yield 15-22 mg of tissue. The tissue was then homogenized in sucrose medium (0.32 M sucrose,10 mM HEPES, and 1 mM EDTA) using a hand-held homogenizer. The homogenate was spun at 1500 rpm for 10 min at 4°C. The supernatant was then spun at 13,300 rpm for 15 min at 4°C, to separate the synaptosomal fraction. This was resuspended in ACSF and its protein concentration was determined. Synaptosomal preparations were used for measurements of total synaptic GluA1 or for surface synaptic GluA1 using a biotinylation assay. Equal protein quantities of synaptosomes were biotinylated.
Surface biotinylation assay. Surface protein expression in synaptosomal samples was detected through a biotinylation assay, followed by a Western blot analysis with antibodies directed against GluA1. Synaptosomal preparations were washed and incubated in Sulfo-NHS-SS biotin (0.5 mg/ml in ACSF, Pierce) for 1 h at 4°C. Surface biotinylation was stopped by removing the solution, followed by quenching of unbound biotin with cold 100 mM glycine in ACSF for 5 min, three times. Synaptosomes were lysed in RIPA buffer (50 mM Tris.HCl, 25 mM NaCl, 0.1% SDS, 0.5% Na deoxycholate, 1% Triton X-100, and 0.5 M EDTA). Biotinylated proteins (400 g) were precipitated with 200 l of neutravidin beads (Pierce) overnight at 4°C. The beads were washed (3ϫ) and bound protein was eluted by boiling in Lammeli buffer for 10 min. The eluate was separated on 4 -15% Biorad Mini-Protean TGX Precast SDS-PAGE gels, and transferred to polyvinyl difluoride membranes. The membranes were probed with anti-GluA1 (1:1500, Millipore) and anti-GAPDH (1: 4000, Cell Signaling Technology). The membranes were incubated with horseradish peroxidase-conjugated secondary antibodies (anti-rabbit 1:5000), and bands were visualized using a Cell Biosciences FluroChem HD2 system. Because we used a crude synaptosomal preparation, GAPDH was abundant in the biotinylated samples. Hence, we used GAPDH as a loading control.
Cranial windows. Thinned-skull cranial windows were prepared above the forelimb region of the M1 in one hemisphere per animal. A rectangular window measuring 1.5 mm wide by 1.0 mm long was prepared with the corner closest to bregma being positioned at 750 m laterally. Briefly, mice were anesthetized with a ketamine/dexdormitor mixture (100 mg/ml and 0.5 mg/ml respectively, 2.5 ml/Kg). Following a midline incision, the skull first was thinned using a high-speed dental drill, with frequent breaks for the application of a saline cooling solution. Final thickness was achieved by hand-thinning using a dental microblade (Surgistar). The window was covered by suturing the skin in between imaging sessions, and was rethinned before imaging on the next day. Animals were revived from anesthesia with Antisedan (atipamezole hydrochloride 5.0 mg/ml, 0.2 mg/ml ketamine/dexdomitor mixture used).
Imaging. All imaging was performed with a multiphoton microscope (Moving Objective Microscope, MOM; Sutter), using a Ti:sapphire laser (Chameleon Vision II, Coherent) tuned to 925 nm. Images were collected with a Nikon water-immersion objective (60ϫ, 1.0 NA). Excitation power measured at the back aperture of the objective was typically ϳ30 mW and was adjusted to achieve near identical levels of fluorescence for each imaged region using a Pockels cell. For imaging, we used ScanImage software (Pologruto et al., 2003) written in MATLAB (Math- Figure 1 . Impaired motor skill learning in the fmr1 KO mouse. A, An illustration of the training box with a mouse reaching out for a food pellet through a narrow slit. The trained forelimb and the contralateral-trained hemisphere are marked. B, Average success rates during training for WT controls (black, n ϭ 36) and fmr1 KO (blue, n ϭ 38) mice. Both genotype and days of training affect success rate ( p Ͻ 0.01, two-way repeated-measures ANOVA). C, There was no difference in the number of reaches performed by the KO and WT mice at any of the training days. mean Ϯ SEM. *p Ͻ 0.05, **p Ͻ 0.01. Works). During an imaging session, five to six regions of interest (ROIs) per animal were selected along the dendritic tufts of YFP-expressing layer 5 pyramidal neurons. All imaged dendrites were in layer 1 (within the first 100 m below the dura mater) within the forelimb M1, as determined by stereotaxic measurements. Each ROI consisted of a stack of images (20 -80 optical sections, separated axially by 0.48 m). Each optical section was collected at 512 ϫ 512 pixels, 0.13 m/pixel. The coordinates of each ROI were recorded using the XYZ motor on the MOM for subsequent imaging days.
Image analysis. Dendritic spine analysis was performed using ImageJ software. Dendritic segments, 20 -60 m in length, were identified in three-dimensional image stacks taken at different time points, and all dendritic protrusions were marked and numbered. Dendritic filopodia were distinguished as long dendritic protrusions with no head, and were excluded from analysis (Ͻ3% in both genotypes). Images were compared with that of the previous imaging session. Dendritic spines were analyzed by scrolling through individual z-planes within a stack. Dendritic spines were considered stable when they were present in the previous imaging session to the one being analyzed, eliminated when they appeared in the previous image but not in the image being analyzed, and newly formed when they appeared in the image being analyzed but not in the previous image. The percentage of spine formation and spine elimination was calculated by comparing the number of newly formed or eliminated spines to the total number of spines analyzed in the image, respectively. Protrusion turnover was defined as the sum of the protrusions lost and gained divided by twice the total protrusion number (Holtmaat et al., 2005) . Analysis was performed on raw unprocessed images. For presentation purposes, images were despeckled and axons traversing the field of view were removed from some planes before maximum intensity projection of 3-15 planes of focus.
Statistics. Data are reported as mean Ϯ SEM. Normal distribution was tested using Kolmogorov-Smirnov test and variance was compared. Analysis was done either using two-sided unpaired Student's t test or with one-or two-way ANOVA with the Bonferonni method for post hoc multiple comparisons. Data were analyzed using the GraphPad Prism or SAS/STAT software.
Results
Fmr1 KO mice show a deficit in a motor skill learning task Five-week-old male fmr1 KO (n ϭ 38) and littermate WT mice (n ϭ 36) were trained to reach through a small slit and grasp a food pellet using their preferred forelimb (Fig. 1A) . Although the success rate, defined as proportion of successful retrieves from total reaches, of both the KO and WT mice increased over subsequent days of training, the KO mice achieved a lower success rate (Fig. 1B) . Both genotype and days of training affect success rate ( p Ͻ 0.01, two-way repeated-measures ANOVA). Significant differences were observed on day 3 (WT, 0.44 Ϯ 0.02; KO, 0.35 Ϯ 0.02, p ϭ 0.002), and day 5 (WT, 0.46 Ϯ 0.01; KO, 0.39 Ϯ 0.02, p ϭ 0.034; Fig. 1B ). Additional training days did not lead to increased success rate in the KO mice (Day 6, 0.36 Ϯ 0.03; Day 7, 0.38 Ϯ 0.03; Day 8 KO, 0.39 Ϯ 0.03, n ϭ 7). The success rate on the first day of training (WT, 0.28 Ϯ 0.02; KO, 0.25 Ϯ 0.02, p Ͼ 0.99) as well as total number of reaching attempts made each day (Fig. 1C) , were not significantly different between the WT and KO mice. These data indicate that the fmr1 KO mice display a motor skill learning impairment that is not due to a basic motor function deficit.
Reduced synaptic strengthening with motor skill training in the fmr1 KO mouse We next examined the synaptic mechanisms that might underlie this learning deficit. Previous experiments demonstrated that learning a motor skill task leads to strengthening of intracortical connections in layers 1 and 2/3 of rat M1 (Rioult-Pedotti et al., 1998; Harms et al., 2008) . To determine whether the motor skill learning deficit observed in the fmr1 KO mice is accompanied by a reduced synaptic strengthening, we measured the strength of intrinsic horizontal synaptic connections within layers 2/3 in cor- onal brain slices containing both hemispheres ( Fig. 2A) . FP responses evoked in the horizontal pathway by electrical stimuli were examined in both hemispheres by placing stimulating and recording electrodes in layer 2/3 of the left and right M1 ( Fig. 2A) . Stimulation evoked an initially negative-going field potential, as was previously described in rats (Hess et al., 1996) . Consistent with previous reports (Rioult-Pedotti et al., 1998) , in untrained control WT mice, the FP amplitudes evoked in the preferred hemisphere was not different from in the unpreferred hemisphere at all stimulation intensities (Fig. 2B ). With training, in the WT mice the FP amplitudes evoked in the trained hemisphere were larger than those of the untrained hemisphere at different stimulation intensities (Fig. 2B) . A gradual increase in the interhemisphere ratio of the FP amplitude, at threshold factor 4ϫ, was observed after 2 and 5 d of training compared with untrained mice (utr WT: 0.94 Ϯ 0.04, n ϭ 5 mice; 2 d WT: 1.23 Ϯ 0.05, n ϭ 4 mice, p ϭ 0.5; 5 d WT: 1.68 Ϯ 0.15, n ϭ 10 mice, p ϭ 0.003, one-way ANOVA; Fig. 2C ). This suggests that the motor skill learning is associated with strengthening of synaptic connections in the trained M1 of WT mice. In the KO mice, the evoked FP was also larger in the trained hemisphere after 5 d (Fig. 2B) . However, the interhemisphere ratio was lower after 5 d of training in the KO than the WT (5 d KO: 1.32 Ϯ 0.05, n ϭ 16 mice, p ϭ 0.012, unpaired t test; Fig. 2D ). These data demonstrate that impaired motor skill learning in the KO is associated with attenuated synaptic strengthening.
cLTP is impaired in the fmr1 KO mouse and is not occluded with motor skill training LTP is thought to be a cellular mechanism that strengthens synaptic connections and might underlie learning and memory in vivo. Indeed, motor skill learning has been shown to occlude LTP induction in the trained M1, suggesting that an LTP like mechanism is being used during learning (Rioult-Pedotti et al., 2000) . Although long-term depression (LTD) has been shown to be exaggerated in the fmr1 KO mice (Huber et al., 2002 ) the role of FMRP in LTP is less clear (Li et al., 2002; Zhao et al., 2005; Lauterborn et al., 2007; Meredith et al., 2007; Hu et al., 2008) . Moreover, the degree to which LTP is used during motor skill learning in the fmr1 KO has not been examined.
To determine whether cLTP is impaired in the fmr1 KO M1 and how it is modulated by motor skill learning, we trained mice on the forelimb reaching task and measured cLTP in trained and untrained hemispheres. To induce cLTP, slices were first exposed to bicuculline, as blocking GABAergic inhibition is necessary to induce other forms of LTP in M1 (Hess et al., 1996) . Immediately thereafter, cLTP was induced with forskolin and rolipram in Mg 2ϩ -free ACSF, as previously described (Otmakhov et al., 2004) . In the untrained hemisphere of WT mice, cLTP leads to a 169.8 Ϯ 14% increase of baseline response (n ϭ 6 slices from six mice), whereas in the fmr1 KO the same protocol induced only 132.48 Ϯ 4.2% increase (n ϭ 6 slices from five mice, p ϭ 0.026, two-way ANOVA; Fig. 3B ). We also determined whether motor skill training induces occlusion of cLTP in the trained hemisphere. In WT mice, we observed occlusion of cLTP in layer 2/3 of the trained hemisphere (tr: 118.5 Ϯ 6.4%; n ϭ 5 slices from five mice, p ϭ 0.003, two-way ANOVA; Fig. 3 A, B) , similar to what was previously described (Rioult-Pedotti et al., 2000 Harms et al., 2008) . In the fmr1 KO mice though, no occlusion of cLTP was observed (tr: 127.33 Ϯ 8.3%; n ϭ 6 slices from five mice, p ϭ 1, two-way ANOVA; Fig. 3 A, B) . These data suggest that cLTP is attenuated in the fmr1 KO and is not used during motor skill training to the same degree as in WT mice.
Motor skill training-induced synaptic delivery of GluA1 is impaired in fmr1 KO mice Synaptic delivery of AMPA-type glutamate receptors is thought to be a major contributor to LTP (Malinow and Malenka, 2002) . We therefore tested whether motor skill training induces translocation of AMPA receptor subunit GluA1 into synapses in the trained hemisphere and if it is impaired in the fmr1 KO mouse. We first determined whether there was a difference in levels of synaptic GluA1 between the hemispheres before motor skill training. Crude synaptosomal preparations were isolated from the preferred (pr) and unpreferred (upr) M1 forelimb regions and synaptic GluA1 levels were determined using Western blot analysis (Fig. 4A) . In the untrained WT mice (nonlittermate controls), there was no difference in synaptic GluA1 between the hemispheres (pr: 0.78 Ϯ 0.1; upr: 0.94 Ϯ 0.11; n ϭ 8, unpaired t test, p ϭ 0.3). This suggests that before training there is no increased synaptic GluA1 in the M1 forelimb region of the preferred hemisphere. We next trained the mice and isolated synaptosomes from the trained and untrained M1 forelimb regions at different times after training and determined the levels of synaptic GluA1. Although 2 h after training there was no difference in the interhemisphere ratio (trained/untrained) compared (2) cLTP, respectively (time points indicated on the graph). In the WT mice, cLTP is occluded in the trained hemisphere (black, n ϭ 5 slices) compared with the untrained hemisphere (gray). In the fmr1 KO mice, no occlusion of cLTP is detected in the trained hemisphere (dark blue, n ϭ 6 slices) compared with the untrained hemisphere (light blue). Scale bars: 0.4 mV, 5 ms. B, Average FPs 30 -40 min after initiation of cLTP induction. Mean Ϯ SEM. The interaction between genotype and training on cLTP was significant ( p ϭ 0.022, two-way ANOVA); *p Ͻ 0.05, **p Ͻ 0.01.
with untrained mice (pr/unpr; utr: 1 Ϯ 0.12, n ϭ 10; 2 h tr: 1.29 Ϯ 0.19, n ϭ 7, p ϭ 1, two-way ANOVA; Fig. 4B ), 1 d after training the interhemisphere ratio of synaptic GluA1 was significantly higher (1 d tr: 2.19 Ϯ 0.28, n ϭ 14, p Ͻ 0.001, two-way ANOVA; Fig. 4B) . No difference was found between littermate controls and WT mice (data not shown); therefore, we combined these groups. These data suggest that motor skill training drives GluA1 to synapses. Because GluA1 translocation into synapses is transient with LTP and experience (Shi et al., 1999; Matsuo et al., 2008) , we next examined synaptic GluA1 after 2 and 5 d of training. There was a gradual decrease in the interhemisphere ratio of synaptic levels of GluA1 (2 d tr: 1.9 Ϯ 0.19, n ϭ 7 mice, p ϭ 0.028, two-way ANOVA) with no interhemisphere difference detected after five d of training (5 d tr: 1.01 Ϯ 0.15 n ϭ 8 mice, two-way ANOVA, p ϭ 1; Fig. 4B ). Similar results were found when surface, rather than total synaptic levels of GluA1 were measured using a biotinylation method (utr: 1 Ϯ 0.11, n ϭ 7; 1 d tr: 2 Ϯ 0.34, n ϭ 7, t test, p ϭ 0.02). These results suggest that motor skill training leads to a transient translocation of GluA1 into synapses.
In cortical neuronal cultures from fmr1 KO mice, there is a deficit in GluA1 trafficking with LTP (Hu et al., 2008) . Whether experience and learning in the fmr1 KO mouse result in impaired translocation of GluA1 into synapses in vivo is not known. We first compared basal synaptic levels of GluA1 in WT and KO untrained mice. No difference in levels of synaptic GluA1 were found between the genotypes of untrained mice (WT, 0.92 Ϯ 0.15, n ϭ 11; KO, 0.86 Ϯ 0.09, n ϭ 8; p ϭ 0.78, unpaired t test). As in the WT, no increase in GluA1 was observed 2 h after motor skill training (utr KO, 1 Ϯ 0.07, n ϭ 15 mice; 2 h KO, 0.98 Ϯ 0.14, n ϭ 7 mice; p ϭ 1, two-way ANOVA,). Surprisingly, unlike in the WT mice, 1 d of motor skill training did not lead to increased synaptic expression of GluA1 in the trained hemisphere of the fmr1 KO mice (1 d KO, 1.09 Ϯ 0.2, n ϭ 8, p ϭ 1, 2-way ANOVA; Fig. 4B ). We next examined whether there was a delay in synaptic translocation of GluA1 in the fmr1 KO mice. In mice trained for 2 d, we observed an increase in levels of synaptic GluA1 in the trained hemisphere compared with untrained KO mice (2 d KO, 2.12 Ϯ 0.35, n ϭ 9, p Ͻ 0.001, two-way ANOVA). Similar to WT mice, the increase in synaptic GluA1, albeit delayed, was transient as no increase was observed in the trained hemisphere after 5 d of training (5 d KO, 1.21 Ϯ 0.1, n ϭ 7, p ϭ 1, two-way ANOVA; Fig. 4B ). These results suggest that in the fmr1 KO mouse, there is a temporal impairment in the motor skill training-induced translocation of GluA1 into synapses that might contribute to the reduced learning in these mice.
Normal density but higher turnover rate of dendritic spines in the fmr1 KO mouse Because of the structure-function relationship of synapses, and in light of altered learning-induced synaptic plasticity, we next determined how synaptic structure and stability are altered in the fmr1 KO mouse. Although altered dendritic spine morphology is a hallmark of FXS, the degree of spine abnormalities observed in the fmr1 KO mouse model is variable (He and Portera-Cailliau, 2013) . To determine whether dendritic protrusions were altered in the primary motor cortex of fmr1 KO mice, we crossed the fmr1 KO mice with YFP-H mice and imaged the dendritic protrusions on apical tufts of layer 5 YFP-expressing neurons through a thinned skull window (Fig. 5) . In 5-week-old untrained mice we observed no difference in the density of dendritic protrusions between the genotypes (WT: 0.38 Ϯ 0.03 protrusions/micron, 1072 dendritic protrusions, n ϭ 7 mice; KO: 0.37 Ϯ 0.01 protrusions/m, 1111 dendritic protrusions, n ϭ 8 mice, p ϭ 0.69; Fig. 5B ). The percentage of filopodia (defined as protrusions without spine heads and longer than 2.5 m) was also not different in the KO mice (WT, 1.79 Ϯ 0.54%; KO, 1.90 Ϯ 0.40%; p ϭ 0.87; Fig. 5B ). These data indicate that at this age there is no difference in total number of spines or filopodia in the apical tufts of layer 5 neurons in the M1 region.
Next, we asked whether the turnover rate of dendritic protrusions was altered in the fmr1 KO mouse by imaging the same dendritic segments at 1 d intervals. Although we observed no difference in the total number of dendritic spines present after 1 d of imaging (WT: 97.9 Ϯ 0.57%; KO: 97.6 Ϯ 0.82%; p ϭ 0.67), we did observe an increase in both the rates of dendritic spine formation (WT: 2.47 Ϯ 0.62%; KO: 4.09 Ϯ 0.37%; p ϭ 0.037; Fig.  5C ) and dendritic spine elimination (WT:4.48 Ϯ 0.55%; KO: 6.54 Ϯ 0.71; p ϭ 0.043; Fig. 5C ) in the fmr1 KO mouse. Increased spine dynamics in the fmr1 KO mice was also observed by calculating the turnover ratio (TOR; WT: 0.034 Ϯ 0.005; KO: 0.05 Ϯ 0.004; p ϭ 0.027; Fig. 5C ). The TOR for filopodia was much higher than for spines, but not different between the genotypes (WT: 0.7 Ϯ 0.07; KO: 0.67 Ϯ 0.1; p ϭ 0.79). These data suggest that 5-week-old fmr1 KO mice have an increased level of dendritic spine turnover in the apical tufts of layer 5 neurons in the M1. (pr)andunpreferred(upr)hemispheresfromuntrained(Utr)miceorfromtrained(tr) and untrained (utr) hemispheres of trained WT and fmr1 KO mice. B, Untrained WT mice (n ϭ 10) were compared with trained WT mice after 2 h (n ϭ 7), 1 d (n ϭ 14), 2 d (n ϭ 7), or 5 d (n ϭ 8) of training. Untrained KO mice (n ϭ 15) were compared with trained KO mice after 2 h (n ϭ 7), 1 d (n ϭ 8), 2 d (n ϭ 9), or 5 d (n ϭ 7) of training. For quantification, protein levels were normalized to GAPDH and interhemisphere ratios were normalized to untrained WT or KO mice. Mean Ϯ SEM. The interaction between genotype and training on GluA1 interhemisphere ratio was significant (p ϭ 0.013, two-way ANOVA); *p Ͻ 0.05, ***p Ͻ 0.001. dendritic spines are induced by motor skill learning in the fmr1 KO mouse. Dendritic spines were imaged in vivo to determine the baseline number of spines (Day 0; Fig. 6A ). On the next day, mice were trained on the motor skill task and the same dendritic segments were reimaged 2-3 h following training (Day 1; Fig. 6A ). A single hemisphere (either trained or untrained) was imaged in each mouse. As previously described, we find that in the WT mice motor skill training induced a rapid increase in number of dendritic spines in the trained hemisphere, compared with the untrained hemisphere (utr: 98.50 Ϯ 0.39%, 1532 spines, n ϭ 8 mice vs tr: 104.96 Ϯ 1.31%, 905 spines, n ϭ 6 mice; p Ͻ 0.001, two-way ANOVA). The increase in total spines is mainly due to increased formation of spines (utr: 5.70 Ϯ 0.81% vs tr: 10.01 Ϯ 1.12%; p ϭ 0.028, two-way ANOVA), although a trend of reduced elimination of spines in the trained hemisphere was also observed (utr: 7.21 Ϯ 0.71% vs tr: 5.05 Ϯ 0.86%; p ϭ 0.24). We next examined how spines change with motor skill learning in the fmr1 KO mice (utr: 913 spines, n ϭ 6 mice; tr: 1769 spines, n ϭ 8 mice). The fmr1 KO mice showed no significant difference between trained and untrained hemispheres in the rate of spine formation (utr: 7.17 Ϯ 1.06% vs tr: 6.71 Ϯ 1.21%; p ϭ 1, 2-way ANOVA) and only a trend toward reduced elimination (utr 10.13 Ϯ 0.92% vs tr 7.44 Ϯ 0.82%, p ϭ 0.1, two-way ANOVA). Consequently, we observed no substantial increase in the total number of spines with training (utr: 97.04 Ϯ 1.06% vs tr: 99.26 Ϯ 0.67%; p ϭ 0.23, two-way ANOVA). These data imply that dendritic spine turnover in the fmr1 KO mice is less sensitive to motor skill training and might contribute to the reduced motor skill learning in these mice.
Discussion
Here we report that the fmr1 KO mice display a deficit in learning a motor skill task. Analysis of motor skill training-induced functional, molecular, and structural synaptic changes demonstrate impairments in the fmr1 KO mouse. FP recordings from the forelimb M1 reveal attenuated training-induced synaptic strengthening, impaired levels of cLTP in the untrained hemisphere and reduced training-induced cLTP occlusion in the fmr1 KO mice. Although motor skill training induces a transient increase in synaptic levels of GluA1 in WT mice, a delay in GluA1 increase was observed in the trained hemisphere of the fmr1 KO mice. Finally, using transcranial in vivo multiphoton microscopy we find that although spines are not altered in the fmr1 KO mouse, traininginduced formation of dendritic spines is impaired. We conclude that FMRP plays a role in motor skill learning and that reduced functional and structural synaptic plasticity might underlie the behavioral deficit in the fmr1 KO mice.
The motor skill learning deficit reported here is consistent with mild behavioral impairments reported for the fmr1 KO mice (Consortium, 1994; D'Hooge et al., 1997; Dobkin et al., 2000; Budimirovic and Kaufmann, 2011; Krueger et al., 2011; Vinueza Veloz et al., 2012) . We cannot exclude the possibility that other impairments in the fmr1 KO mice, such as altered anxiety and activity levels, might affect motor skill learning. Nevertheless, reduced motor skill learning is not likely to be due to reduced motor performance or motivation because we observed a similar initial success rate as well as total number of reaching attempts made by the KO and WT mice. The absence of impairments in basic motor function in the fmr1 KO has also been previously reported (Wang et al., 2008; Vinueza Veloz et al., 2012) . The impairment in motor skill learning we report here might be related to the motor skill impairments reported for Experience-dependent regulation of synaptic strength is believed to be the physiological basis of learning and memory Neves et al., 2008) . Indeed, acquisition of a new motor skill is associated with enhancement of synaptic strength in the primary motor cortex as measured in slices (Rioult-Pedotti et al., 1998) and in vivo (Hodgson et al., 2005) . Here, we observed that the same 5 d motor skill training regime resulted in less learning and attenuated synaptic strengthening in the trained hemisphere of the fmr1 KO mouse. Whether decreased learning-induced synaptic strengthening would be observed in vivo in the fmr1 KO mice is not known. One mechanism for strengthening of synapses is LTP. Mechanisms similar to LTP have been postulated to be used during motor skill learning in vivo because the ability to induce LTP in the trained hemisphere is partially occluded in both slices and in vivo after training (Rioult-Pedotti et al., 2000 Hodgson et al., 2005; Harms et al., 2008) . The reduced synaptic strengthening following training in the fmr1 KO mouse could be partly due to impaired basal LTP or reduced ability to engage LTP-like mechanisms during training. Indeed, exaggerated mGluR-dependent LTD (Huber et al., 2002; Koekkoek et al., 2005) as well as impaired LTP (Desai et al., 2006; Meredith et al., 2007; Pfeiffer and Huber, 2009; Suvrathan et al., 2010) , have been reported. Here we report that cLTP is also attenuated in the M1 of the fmr1 KO mouse. Although altered LTP in the cortex of fmr1 KO mice was previously reported, to our knowledge this is the first report of reduced LTP in the primary motor cortex. We also found that cLTP is not occluded in the trained hemisphere of the fmr1 KO as it is in WT mice. Although it is possible that we might have been able to detect occlusion with repeated cLTP induction, based on our present results we conclude that an LTP-like mechanism is not as readily engaged in the fmr1 KO mouse during motor skill training.
A major molecular mechanism of LTP is the synaptic insertion of GluA1-containing AMPAR (Kessels and Malinow, 2009; Lee and Kirkwood, 2011) . Synaptic insertion of GluA1 has been shown both with experience-dependent plasticity (Takahashi et al., 2003; Clem and Barth, 2006) and learning (Rumpel et al., 2005; Whitlock et al., 2006; Matsuo et al., 2008; Clem and Huganir, 2010) . In fact, synaptic trafficking of AMPAR is thought to be necessary for some forms of learning (Rumpel et al., 2005) . Although impaired AMPAR trafficking has been shown to mediate the LTP deficits in the fmr1 KO mice (Hu et al., 2008; Wang et al., 2008; Suvrathan et al., 2010) , impaired experience or learning-induced GluA1 insertion in vivo has not been previously reported. Consistent with previous learning paradigms, we found that motor skill learning resulted in a transient increase in the synaptic surface GluA1 in the motor cortex. GluA1 levels increase in the trained hemisphere after 1 d of training and this increase gradually disappeared by day five. Interestingly, synaptic GluA1 insertion and structural synaptic plasticity occur at different time scales in vivo with GluA1 insertion being a later event. In the fmr1 KO mice, motor skill training did not result in timely increase in synaptic GluA1. Instead, we observed that GluA1 levels were increased at the synapse only after 2 d of training. This temporal dysregulation of GluA1 insertion into synapses with motor skill learning might underlie the attenuated synaptic strengthening observed with training in the KO mice and ultimately the reduced learning.
Most excitatory synapses in the CNS form on dendritic spines (Gray, 1959), whose structure has been correlated to its function . Lack of motor learning induced increase in the number of dendritic spines in the fmr1 KO mouse. A, Multiphoton in vivo imaging of dendritic spines in layer 1 of Thy1 YFP-H mice crossbred with fmr1 KO mice. Imaging was performed on two consecutive days with imaging performed 2-3 h after training on day 1. New spines and lost spines are marked with red and yellow arrows, respectively. Scale bar, 3 m. B, After training the total spine number in the trained hemisphere of WT mice (black, n ϭ 6) was higher than in the untrained hemisphere (gray, n ϭ 8), whereas in the KO mice there was no difference between trained (dark blue, n ϭ 8) and untrained hemispheres (light blue, n ϭ 6). In the WT mouse, the number of spines formed in the trained hemisphere exceeded the number of spines formed in the untrained hemisphere, whereas no differences were detected in the trained KO. A trend toward reduction in the number of eliminated spines was observed in the trained hemispheres of WT and KO mice. Mean Ϯ SEM. The interaction between genotype and training on total spines and spine formation was significant ( p ϭ 0.019 and p ϭ 0.036, respectively, two-way ANOVA); *p Ͻ 0.05, ***p Ͻ 0.001. mental disorders, including FXS, dendritic spines are more numerous and immature looking (Rudelli et al., 1985; Hinton et al., 1991; Irwin et al., 2001) , but in studies of the fmr1 KO mouse, whether spine impairments were detected and the degree of the spine alterations varied according to brain region, developmental stage, and genetic background (Comery et al., 1997; Nimchinsky et al., 2001; McKinney et al., 2005; Grossman et al., 2006; Dölen et al., 2007; Pfeiffer and Huber, 2009; Cruz-Martín et al., 2010; Levenga et al., 2011; He and Portera-Cailliau, 2013) . Our analysis demonstrates that at 5 weeks of age, there is no difference in the density of dendritic spines or filopodia in the apical dendrites of layer 5 pyramidal neurons in the M1 of fmr1 KO mice. These data provide additional support to recent in vivo imaging studies that have failed to detect a difference in dendritic spine density (CruzMartín et al., 2010; Pan et al., 2010) in the fmr1 KO mouse. Nevertheless, we do observe an increase in the rate of both formation and elimination of dendritic spines, but not filopodia, in the fmr1 KO mouse. This increase in dendritic spine turnover is similar to that seen by Pan et al. (2010) in the barrel cortex of postnatal day 30 fmr1 KO mice, and is likely to underlie the impaired plasticity in the fmr1 KO mouse.
Long-lasting changes in synaptic activity are accompanied by alterations in spine shape, size, and number (Bosch and Hayashi, 2012) . Recent studies have also produced a strong argument for the role of spines during the acquisition of new motor skills (Harms et al., 2008; Xu et al., 2009; Yang et al., 2009 ). Here we have found that the increase in the number of spines with motor skill learning that is observed in the WT mice is not detected in the fmr1 KO. We find that spine number increase after training is due to a combination of increased spine formation and decreased spine elimination in the trained hemisphere of WT mice although the difference in elimination was not significant. This is in contrast to Xu et al., 2009 that reported no training-induced decrease in spine elimination. This discrepancy could be due to differences in the design of the motor task. For example, the determination of the forelimb preference is shorter in our study making direct temporal comparisons between the studies difficult. Moreover, in our training box a gap exists between the platform where the food pellet is placed and the slit through which the mouse reaches out, making this a harder task. Nevertheless, the general finding of increased number of spines with training is consistent with previous reports. Importantly, in the KO mouse there is a lack of effect of training on spines, consistent with impairments in spine plasticity with sensory experience that have been previously described in the fmr1 KO (Pan et al., 2010) . Interestingly, we observed lower rates of spine formation and elimination in the untrained mice of both genotypes compared with untrained hemispheres of trained mice. A potential contributor to the difference in spine dynamics, in addition to the motor skill training itself, is that the trained mice were food restricted.
In summary, we have found a learning deficit in the fmr1 KO mouse and have determined that motor skill learning-induced changes in synaptic strength, synaptic GluA1 insertion and dendritic spine plasticity are all impaired in the KO mouse. These results suggest that reduced functional, molecular, and structural plasticity underlie the observed behavioral impairments in the fmr1 KO mouse.
